Objective: Monthly audits for the multicenter Canadian Oxygen Trial have shown that our neonatal team has consistently maintained study participants within the intended pulse oximetry alarm limits between 68 and 79% of the time during the first 3 days of life while infants were receiving supplemental oxygen. This good performance prompted us to explore our nurses' perceptions of what makes them compliant with alarm limits for pulse oximetry in preterm infants.
Introduction
Oxygen toxicity contributes importantly to neonatal morbidities, such as retinopathy of prematurity, bronchopulmonary dysplasia and brain injury. 1 Extremely preterm infants are especially susceptible to oxygen toxicity and oxidative stress. 2, 3 Strict adherence to the desired range of oxygen saturation target values in these infants is required to reduce the risk of excessive exposure to oxygen. To achieve this, nurses set and aim for compliance with oximeter alarm limits. The latter is also essential for the success of ongoing controlled trials that compare the effect of different oxygen saturation target ranges on the rate of survival without neurosensory disability in extremely preterm babies. 4 The University Children's Hospital Tuebingen (UCHT) in Germany participates in the multicenter Canadian Oxygen Trial (COT). In the COT study, monthly audits of the compliance with oxygen saturation alarm limits are performed as an ongoing central quality improvement measure involving all study sites. In these audits based on all infants enrolled, the UCHT has consistently been recognized as one of the top three centers for their compliance with oxygen saturation alarm limits. Our neonatal team has maintained study participants within the intended pulse oximetry alarm limits between 68 and 79% of the time during the first 3 days of life while infants were receiving supplemental oxygen. This good performance prompted us to explore our nurses' perceptions of what makes them compliant with tight alarm limits for pulse oximetry in preterm infants.
Methods
We conducted a qualitative single-center study at UCHT. The UCHT is a regional referral center for perinatal and neonatal care. The Department of Neonatology is one of the 10 largest neonatal university departments in Germany and participates in the COT study. Our level III Neonatal Intensive Care Unit (NICU) admits approximately 50 extremely preterm infants each year (inborn and outborn). The NICU has 16 regular ventilator beds and one emergency bed. Our qualitative study is based on our nurses' performance between January and December 2008, during which we enrolled 20 infants in the COT study. The COT protocol requires that alarms for the study pulse oximeters ring at 86 and 94% whenever the infants are in supplemental oxygen to achieve a desired target range of saturation values between 88 and 92%.
As part of its regular quality improvement procedures, the COT data and coordinating center in Hamilton, ON, Canada, conducts monthly reviews of the proportion of time spent with saturations between 86 and 94% during the entire first 3 days of life for all new COT study participants. Detailed logs of all changes in the fraction of inspired oxygen are kept during these 3 days and submitted to the data center together with the oximeter downloads. Only periods of time spent in supplemental oxygen are included in the analyses of compliance with the tight COT study alarm limits.
One of our NICU nurses, who is also the local COT study nurse (JA) conducted individual open-ended interviews with all other eligible NICU nurses between October and December 2008. The COT study nurse works part-time as a regular bedside nurse and has neither a controlling nor a teaching position in the NICU. Only current nurses who had worked in the NICU at UCHT for at least 3 months were eligible for this study. Nurses were asked first, to identify the determinants they believed to be essential for keeping extremely preterm babies within the alarm limits for pulse oximetry; and second, to identify the means through which compliance could be improved even further. Written records were kept and reviewed by the interviewer together with a neonatologist (DB) to determine common themes. Themes were ranked according to the frequency with which the NICU nurses had proposed them. Each 'theme' was linked to a representative quote from one of the nurses. To be included in the study report, themes had to be endorsed by at least 10% of the nurses. This threshold was chosen before the interviews for the purpose of generalizability. In Tuebingen, ethics approval is not considered necessary for quality assurance studies.
Results
Between October and December 2008, 47 NICU nurses were employed, of whom 44 nurses were actively working in the NICU (2 were on maternity leave; 1 was on sick leave). Two of the 44 NICU nurses had less than 3 months professional experience and one is the local COT study nurse. All the remaining 41 nurses agreed to be interviewed.
All 41 NICU nurses reported to have cared for at least one COT study participant. The nurses identified 19 determinants of good compliance with alarm limits for pulse oximetry, of which 11 were endorsed by at least 10% of the nurses (Table 1) . Our nurses volunteered 15 means through which compliance could be improved even further. Six of these approaches were identified by at least 10% of the nurses ( Table 2) .
Discussion
Oxygen is an integral part of respiratory support for preterm infants. However, too little or too much oxygen may be associated with severe neonatal morbidities. 1, [6] [7] [8] Pulse oximetry has become the standard, noninvasive continuous method to estimate arterial oxygen saturation in neonates and to guide oxygen therapy. 9, 10 Good compliance with alarm limits for pulse oximetry is essential to keep infants in the desired range of oxygen saturation target values, and thus to avoid hypo-or hyperoxemia. High PaO 2 values (>80 mm Hg) are rare in neonates breathing supplemental oxygen when pulse oxygen saturation levels are kept between 85 and 93%.
11 Table 1 Determinants of good compliance with alarm limits for pulse oximetry in extremely preterm infants
Determinants of good compliance
Representative quote from NICU nurse Number of nurses (n/N) Education 'We know that oxygen can be toxic and that large fluctuations in saturations should be avoided in these babies' 22/41 Prompt response to alarms 'We are at the bedside and respond immediately to all alarms' 22/41 Favorable patient-to-staff ratio 'The fewer infants we have to care for, the more time we can spend at the bedside of a swinger' 18/41 Root-cause analysis 'We don't just turn up the oxygen for poor saturations but search for the possible underlying cause(s)' 15/41 High priority given to control of oxygen therapy 'Everybody in the department cares about a strict adherence to the target range; not only the nurses, but also all the physicians, from the residents to the department head'
14/41
Minimal handling 'We try to combine routine care with blood sampling and other diagnostic tests whenever possible' 13/41 Consistent implementation of local guidelines 'We all follow the same stepwise approach when handling infants with desaturations; e.g. we stimulate infants with apnea or periodic breathing first before turning up the oxygen'
9/41
Infant position 'With our kinesthetic infant handling prone position a the infants are more comfortable and desaturate less' 8/41 Professional experience 'An adequate assessment of the situation and the subsequent decision whether to turn up the oxygen is facilitated by experience'
7/41
Room size 'In small rooms it is quieter and there is less disturbance leading to less swinging' 6/41 Alarm settings 'We have two different kinds of alarm settings that differ in priority and color: green and red. Red alarms have top priority and call for an immediate response. We have a low threshold when to call an alarm red'.
5/41
Abbreviation: NICU, neonatal intensive care unit. a Three-level position according to kinaesthetics infant handling; for details see the study by Reher et al.
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Monthly audits for the COT study have shown that our neonatal center has consistently achieved very good compliance with tight alarm limits for pulse oximetry over a period of one year. Our nurses identified education, prompt response to alarms, a favorable patient-to-staff ratio, root cause analysis at the bedside, and the high priority given to control of oxygen therapy in the department as the five most important determinants of their good compliance. They considered individualization of care, even more education, a better patient-to-staff ratio, possible sedation of unstable infants, the working environment and more root cause analysis to be the most promising means for further improvements.
Some factors that were not identified by our nurses might also have contributed to the good compliance with oxygen saturation alarm limits. In particular, the fact that the nurses knew that the infants were enrolled in a controlled study may have had an impact on their good performance: it has already been established that sick newborn infants benefit from participation in randomized controlled trials. 12 Studies that compare actual versus intended pulse oxygen saturation in very preterm infants have shown that poor compliance with the desired range of oxygen saturation target values and with alarm limits for pulse oximetry is an important and common problem in NICUs worldwide. [13] [14] [15] [16] [17] However, our neonatal team has maintained COT study participants within the intended pulse oximetry alarm limits between 68 and 79% of the time. Although our teams' performance is among the best of all neonatal units participating in the COT study, it needs to be highlighted that we only measured compliance during the first 3 days of life while infants were receiving supplemental oxygen. One could argue that it may become more difficult to keep saturations within the target range when infants grow older, develop more lung disease and require less invasive respiratory support. However, a multicenter study that measured compliance during the first 4 weeks of life found no significant association of the target range compliance with chronological age, mechanical ventilator status, pulmonary acuity score, birth weight and severity of illness at birth. 13 Nevertheless, when discussing the results of oxygen saturation studies, it should be done in respect of the duration of the monitoring. Hagadorn et al. 13 prospectively compared the achieved SpO 2 with the intended range in a cohort of 84 infants, <28 weeks gestation, during the first 4 weeks of life in 14 centers and three countries. Local policies varied between 83 and 92% for lower pulse oximetry alarm limits and 92 and 98% for upper limits. Overall, study participants spent 48% of the monitored time with modifiable SpO 2 within the intended range. The best center achieved a compliance of 64%, whereas compliance in the worst center was only 16%.
Recent evidence suggests that quality improvement projects can increase the percentage of time infants spend within the saturation target range. 16 In a small single-center study, 35 nurses participated in the care of 10 extremely low birth weight infants, who were receiving supplemental oxygen. Before study onset, nurses were specifically educated about the risks of retinopathy of prematurity and bronchopulmonary dysplasia that are associated with hyperoxemia. 15 Alarms for pulse oximetry were set at 80 and 93%, and actual pulse oxygen saturation was recorded for a period of 12 h. Overall, 62% of the recorded time was spent within the targeted range.
Nurses' opinions greatly influence the delivery of oxygen therapy in the NICU and they may contribute to the variability in the observed compliance with alarm limits for pulse oximetry. 18 The candid observations and opinions of our NICU nurses should be tested in future quality improvement projects that are designed to improve compliance with alarm limits for pulse oximetry in preterm babies. A few of the determinants of good compliance identified in our study (for example, the patient-to-staff ratio, room size) require extra resources and may therefore be difficult to implement in some centers. However, many of the determinants of good compliance (for example, education, in-house guidelines Compliance with pulse oximetry alarm limits J Armbruster et al
and root cause analysis) should be feasible to implement in most units. Important questions remain about how to best titrate oxygen therapy in extremely preterm infants. Some of these questions will be examined in several concurrent controlled clinical trials that are in progress worldwide. 4 The success of these trials will depend critically on the ability of the various study teams to achieve good compliance with the intended oxygen saturation target ranges and with oximeter alarm limits.
The determinants of good compliance with alarm limits for pulse oximetry described in this report may help other study centers to perform 'on target'. In addition, our findings may be useful for neonatal clinical teams who struggle to improve compliance with alarm limits for pulse oximetry in their daily routine care of extremely preterm infants.
